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Actin and villin compartmentation during ATP depletion and recovery
in renal cultured cells. ATP-depletion in renal cultured cells has been
used as a model for studying various cytoskeletal and functional alter-
ations induced by renal ischemia. This communication explores the
reversibility of these effects utilizing a novel method [11 that depleted ATP
(ATP-D) to 2% of control within 30 minutes and caused complete
recovery (REC) of ATP in one hour. Under confocal microscopy, ATP-D
(30 mm) caused thinning of F-actin from the microvilli, cortical region,
and basal stress fibers, with the concurrent appearance of intracellular
F-actin patches. These changes were more pronounced after 60 minutes of
ATP-D. One hour of REC following 30 minutes of ATP-D produced
complete recovery of F-actin in each region of the cell. However, after 60
minutes of ATP-D, a heterogeneous F-actin recovery pattern was ob-
served: almost complete recovery of the apical ring and microvilli, thinned
cortical actin with occasional breaks along the basolateral membrane, and
a dramatic reduction in basal stress fiber density. The time course of
cortical actin and actin ring disruption and recovery coincided with a drop
and recovery in the transepithelial resistance and the cytoskeletal disso-
ciation and reassociation of the Na,K-ATPase. Additionally, the microvilli
retracted into the cells during ATP-D, a process that was reversed during
REC. Triton extraction and confocal microscopy demonstrated that villin
remained closely associated with microvillar actin during both ATP-D and
REC. These distinctive regional differences in the responses of F-actin to
ATP depletion and repletion in cultured renal epithelial cells may help to
clarify some of the differential tubular responses to ischemia and reper-
fusion in the kidney.
Renal ischemia leads to various physiological and morpholog-
ical alterations in renal proximal tubules [2—7]. Many of these
alterations, such as increased paracellular permeability [8, 9],
decreased plasma membrane lipid and protein polarity [10, 11],
and redistribution of F-actin [12], have been replicated in ATP-
depleted renal cultured cells [9, 11, 13, 14]. As a consequence,
ATP depletion in renal cultured cells has been used increasingly
as a model to study the mechanisms underlying the pathologic
effects of ischemia in the kidney.
The cultured renal cell lines most extensively utilized for these
types of studies are the MDCK, JTC and LLC-PK1 cells. Some
recent publications have noted a possible relationship between
actin cytoskeleton alterations and specific epithelial structures and
functions during ATP depletion. After only 5 to 10 minutes of
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ATP depletion, transepithelial resistance (TER) decreases, de-
noting a decrease in the gate function of the tight junctions and an
increase in paracellular permeability [9, 13]. Although no changes
in actin or tight junction structures are observable at this early
time point, distinct but subtle changes in the freeze fracture
pattern of junctional strands are observed [9]. As the ATP
depletion time is extended to 60 minutes, a partial dissolution of
the apical actin ring is observed which correlates temporally with
ultrastructural changes in tight junctional strands and the loss of
the tight junctional molecular fence function [14].
Along the basolateral aspect of the cell, ATP depletion causes
a relocalization of cortical actin from a submembrane to a
perinuclear location [14]. Concurrently, Na,K-ATPase is partially
untethered from the cytoskeleton [6] and integral membrane
proteins, including Na,K-ATPase and E-cadherin, are internalized
[151. These cytoskeletal alterations presumably lead to decreased
polarity [10, 11] and disruption of intercellular adhesion [15].
It remains unclear whether these cellular changes are reversible
upon the repletion of ATP. In the in vivo kidney, reperfusion of
reversibly injured kidneys results in a rapid re-establishment of
the gross morphology of the renal epithelial cells, yet function can
remain impaired for up to seven days [4, 11]. This loss of function
has been attributed to the delay in re-establishment of the
polarized distribution of integral membrane proteins and lipids
[10, 11]. Since the asymmetrical distribution of the actin cytoskel-
eton is an early event in epithelial morphogenesis and the
establishment of epithelial polarity [16], the present communica-
tion assesses the regional differences in the response of F-actin to
ATP depletion and repletion to determine possible contributions
of the actin cytoskeleton to the impaired recovery of epithelial
function. ATP repletion elicited essentially complete recovery of
the apical actin structure, some recovery in cortical actin, and
minimal recovery in the stress fibers. This pattern of actin
recovery was also reflected in several actin-associated epithelial
functions and structures: (1) Recovery of the TER paralleled that
of the actin ring structure; (2) The dissociation and reassociation
of the Na,K-ATPase from the cytoskeleton roughly paralleled the
pattern of cortical actin during ATP depletion and repletion,
respectively; and (3) ATP depletion caused an internal retraction
of microvilli into the cell cytoplasm, which was fully reversible
during recovery. Despite changes in localization, villin, a microvil-
lar bundling (and severing) protein always colocalized with F-
actin. This is of particular interest since the proximal tubular
microvilli are of critical importance for renal function, and
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disruption of the microvilli is one of the first morphologic
indication of renal ischemic injury [2, 17]. Overall, these results
highlight the regional differences in the responses of F-actin to
ATP depletion and repletion in cultured renal epithelial cells.
These regional differences may account, in part, for differential
functional responses to ischemia and reperfusion in the kidney.
Methods
Cell culture
LLC-PK1 clone 4 cells, a renal proximal tubule cell line, were
grown in alpha MEM medium plus 10% fetal bovine serum,
50,000 U penicillin/streptomycin in a humidified atmosphere
(95% air/5% C02) at 37°C. This cell line and clone (clone 4)
exhibits proximal tubule-like properties [18, 19], including exten-
sive microvilli, which allowed the study of the relationship be-
tween villin and actin within the microvilli under these experimen-
tal conditions. The cultures were passaged once a week with 0.5%
Trypsin!EDTA and seeded onto semipermeable membranes in
cell culture inserts (Falcon) for experimental purposes. The
cultures reached confluency 2 to 4 days after seeding and were
used for experiments 7 to 10 days after seeding.
Rapid A TP depletion and recoveiy—Measurement of plasma
membrane integrity
ATP-depletion and recovery was achieved by the method of
Doctor, Bacallao and Mandel [1]. First, cells were preincubated
for three hours at 37°C in a saline solution (125 mi NaCl, 5 mM
KH2PO4, 2 mvt MgSO4, 25 mrvi NaHCO3, 1.5 mM CaCl2) with 2
mM glutamine to deplete the cells of endogenous metabolic
substrates. ATP depletion was achieved by utilizing the same
solution containing 10 jIM rotenone, a site I inhibitor of the
mitochondrial electron transport chain, to inhibit oxidative me-
tabolism and 10 mi 2-deoxyglucose to inhibit any remaining
glycolysis. In preparation for recovery, intracellular ATP precur-
sors were preserved by the addition of 1 mvt adenosine and 0.2 mM
allopurinol to the medium. At the end of the ATP depletion
period cells were washed and incubated at 37°C in the recovery
solution [DMEM!F-12 medium (Sigma) plus 25 mrvt NaHCO3, I
mM adenosine, 0.2 m'vi allopurinol and 1 mvt heptanoate]. Metab-
olism of heptanoate, an odd chain fatty acid, produces FADH2,
which can bypass the rotenone block at site I of the respiratory chain.
Release of the cytosolic enzyme lactate dehydrogenase (LDH)
was used as a marker for plasma membrane integrity. LDH
release was measured as described by Doctor et al [1]. Cultures
were sampled after the preincubation period, 30 minutes and 60
minutes of ATP depletion, and 60 minutes of ATP recovery
following 30 minutes and 60 minutes of ATP depletion. LDH
release was less than 5% under all experimental conditions
sampled, with no significant increase during ATP depletion or
recovery (results not shown). These results concur with those
published by Doctor et a! [1], who found no increase in LDH
release in these cells subjected to 30 minutes of ATP depletion
and 60 minutes of ATP recovery.
Transepithelial resistance
Transepithelial resistance (TER) was measured with an epithe-
hal Voltohmmeter (World Precision Instruments, Sarasota FL,
USA). The cell culture inserts containing the corresponding
experimental solutions were transferred to the Voltohmmeter for
short intervals to measure the TER as a function of time. This
measurement was performed under control conditions, ATP
depletion and recovery.
Antibodies and immunofluorescence
Actin and villin antibodies were obtained from Chemicon (CA)
and used for immunoblotting in a dilution of 1:400 for actin and
1:100 for vihhin. For immunofluorescence anti-villin was diluted
1:35. An antibody to the a-subunit of the Na,K-ATPase (provided
by Dr. R. Mercer) was used at a dilution of 1:100 for immuno-
blotting.
For immunofluorescence, cells were fixed and stained following
the methods of Bacallao and Stelzer [20], which were designed to
preserve epithehial cell height during fixation. For single antibody
labeling with actin, cells were fixed with 0.5% glutaraldehyde in a
solution containing 80 mrvi K-PIPES (pH 6.8), 5 mM EGTA, 2 mM
MgCl2, and 0.1% Triton X-100 for 10 minutes. This reaction was
stopped with I mg/mI NaBH4 in PBS at pH 8.0. Staining for
F-actin was performed with fluorescein-phalloidin (Molecular
Probes, Eugene, OR, USA) at a dilution of 1:10 and for G-actin
with a combination of rhodamine-DNAse I and Texas red-DNAse
I (Molecular Probes) utilized at dilutions of 1:250 and 1:50,
respectively. Double staining for villin and F-actin was achieved
after fixation with 0.1% glutaraldehyde, staining with mouse
anti-villin IgG (1:35) followed by Texas red anti-mouse IgG
(1:100) and fluorescein-phalloidin (1:10). All samples were post-
fixed with 4% paraformaldehyde for 30 minutes, stopped with 50
mM NHC1 for 60 minutes and mounted with 60% glycerol plus
100 mg/mI diamino-bicyclo-octane. Samples labeled with a single
antibody were viewed with a Molecular Dynamics confocal micro-
scope, whereas a Bio-Rad mrcl000 confocal microscope was
utilized for the double stained samples. Optical sections of the
single stained F-actin samples were collected every 1 j.tm in the
z-plane (cell height) and data are presented as extended focus
images of the apical, middle and basal parts of the cell (Fig. 1). An
extended focus image is the result of the summation of several
focal planes, leading to a two dimensional image in which each
structure is in focus. Two to three optical sections were summed
for each compartment. Since villin was found only in the brush
border, extended focus images of these samples are shown for the
apical and subapical compartments only (Figs. 4 and 5).
Triton X-JOO fractionation with subsequent immunoblotting
After the appropriate time under each experimental condition,
the cells on the membrane supports were incubated in 500 1d of
Triton-extraction buffer (0.3% Triton X-100, 5 m'vi Tris HCI, 2 mM
EGTA, 300 mivi sucrose, 10 jIM pepstatin A, 400 jIM PMSF, 10 jIM
leupeptin, 2 jIM phalloidin, pH 7.4) for five minutes on ice. The
buffer was removed and soluble proteins precipitated with equal
volume of 6% PCA. The Triton-insoluble fraction remaining on
the support was precipitated with I ml 3% PCA and scraped off.
Equal volumes of each sample were separated by electrophoresis
using SDS-PAGE with a polyacrylamide gradient of 3.5 to 17.5% and
transferred to a nitrocellulose membrane (NitroPure, MSI, West-
boro, MA, USA). Immunoblots for actin, villin and Na,K-ATPase
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Fig. 1. Fluorescein-phalloidin staining forF-actin of LLC-PK1 cells duringATP.depletion and recovery with subsequent investigation by confocal microscopy.
Extended focus images of the apical, middle and basal part of the specimen. Under control conditions (00—00) F-actin was present apically in the form
of microvilli, in the middle as cortical actin underlying the plasma membrane, and basally as stress fibers. Thirty minutes of ATP-depletion (30—00) led
to microvillar (open arrow) and intracellular aggregation (solid arrows). Basal stress fibers were less dense and shorter (arrowhead). These effects
intensified after 60 minutes of ATP-depletion (60—00) and included sporadic breaks in the cortical actin ring (extended arrowhead) in some areas.
Almost complete return to control conditions was observed after one hour of recovery following 30 minutes of ATP-depletion (30—60), but only apical
recovery was observed after 60 minutes of ATP-depletion (60—60). Scale bar in jm.
were performed by probing with the corresponding primary
antibody, subsequent incubation with peroxidase-conjugated goat
anti-mouse IgG (Jackson Immuno Research Lab, West Grove,
PA, USA) and detection by enhanced chemiluminescence (ECL,
Amersham, IL, USA). Densitometry was used for quantification.
Statistics
Data are presented as the mean SEM. Means of various
experimental groups were compared by analysis of variance and
tested for significance with Fischer's protected least significance
different test with P < 0.05.
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Fig. 2. Staining of LLC-PK, cells with rhodamine- and Texas red-conju-
gated DNAse I for G-actin. One representative cross section taken by
confocal microscopy through the middle of the cell layer is shown. G-actin
is distributed homogenously in the cytosol.
Results
Regional differences in F-actin distribution during A TP depletion
and recoveiy
The regional differences in F-actin structure during ATP de-
pletion and recovery are illustrated in Figure 1. This Figure shows
representative extended focus images of the apical, middle and
basal parts of the cells (detailed in Methods). Under control
conditions, the typical renal epithelial F-actin pattern could be
observed [14]. Apical F-actin displayed a fine punctate distribu-
tion representing the microvillar core in the brush border. In the
middle sections, a dense network of submembranous filaments
was present beneath the plasma membrane ("cortical actin"), but
filamentous actin was sparse or absent from the rest of the cytosol.
Bundles of actin filaments within the stress fibers typically seen in
cultured cells could be observed at the basal side.
Similar to observations in MDCK and JTC cells [141, 30
minutes of chemical anoxia altered this pattern dramatically (Fig.
1). The F-actin at the brush border began to aggregate, clusters of
F-actin appeared in the perinuclear space, and stress fibers
became fewer and broken. These effects intensified after 60
minutes of ATP depletion (Fig. 1). Stress fibers were completely
absent and the cortical actin ring was broken in some areas.
Except for the cortical actin, which showed thinned intensity
within some cells, 60 minutes of ATP recovery from 30 minutes of
ATP depletion resulted in a nearly complete return to the original
F-actin structure. However, the recovery pattern following 60
minutes of ATP depletion was heterogenous. The apical part of
the cells recovered almost completely and, remarkably, the mi-
crovilli showed stronger F-actin staining after the recovery period.
In the middle portion of these cells, recovery was incomplete since
cortical actin recovered its continuity but appeared thinner in
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Fig. 3. Transepithelial resistance in LLC-PK1 cells during ATP depletion(—) and recoveiy (- - - -). The control value averaged 166 12 111 * cm2.
Transepithelial resistance decreased significantly after 30 and 60 minutes
and completely recovered after the 30-minute time point. However, only
partial reversibility occurred after 60 minutes of ATP depletion and 60
minutes of recovery (to 93 4% of control). *Significantly different from
control; **significantly different from control and ATP depletion; N = 17.
some areas and some agregates remained in the middle of the cell.
A similar pattern to cortical actin was demonstrated by the actin
ring, which encircles the cell near the level of the tight junction
(not shown). The basal region exhibited the poorest recovery with
only a low density of stress fibers and little cortical actin observ-
able.
The localization of G-actin was examined by rhodamine- and
Texas red-conjugated DNAse I staining. Under control condi-
tions, G-actin was distributed homogenously in the cytosol. Figure
2 shows one representative section through the middle of the cell
under control conditions. Staining in specific areas within the
nucleus probably was due to binding of DNAse I to DNA, since
staining with an anti-actin antibody did not show any signal in the
nucleus (data not shown). After 30 or 60 minutes of ATP
depletion and one hour of recovery, respectively, no change in the
G-actin distribution could be observed (data not shown).
Transepithelial resistance (TER)
Under control conditions the TER was 166 12 Il * cm2 (N =
17). After 30 and 60 minutes of ATP-depletion it decreased
significantly by 23 and 31%, respectively, as shown in Figure 3.
One hour of recovery following 30 minutes of ATP depletion led
to complete reversibility (98 3%, not significantly different from
control). A partial reversibility, back to 93 4% of control, was
observed after 60 minutes of ATP depletion plus one hour of
recovery. These changes in TER roughly paralleled the state of
the actin ring, which recovered completely from 30 minutes but
only partially from 60 minutes of ATP depletion (see above).
Triton X-100 solubility of actin, villin and Na,K-A TPase
Triton X-100 fractionation was performed to determine
whether the changes in F-actin distribution described in Figure 1
were accompanied by alterations in the overall polymerization!
depolymerization of actin. Other investigators have studied the
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Fig. 4. Ratio of Triton X-100 insoluble (TI) to soluble (TS) actin (A),
Na,K-A TPase (B), and villin (C) during A TP depletion and recovery. The
actin ratio increased from 2.3 0.3 to 3 0.6 after 30 minutes and to 3.8
1.0 after 60 minutes of ATP depletion indicating a polymerization of
actin. One hour of recovery returned this ratio to a value not significantly
different from control in both cases. For the Na,K-ATPase, 30 and 60
minutes of ATP depletion caused a significant decrease in this ratio,
suggesting partial dissociation from the cytoskeleton. In both cases, this
effect was reversible after one hour of recovery. For villin, this ratio
increased after 30 and 60 minutes of ATP-depletion, indicating a stronger
association to the cytoskeleton, which was reversible after one hour of
recovery. (*Significantly different from control, mean SEM, N 5 to 8)
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effects of ATP depletion on actin and Na,K-ATPase solubility, but
the extent of the reversibility of these processes after ATP
repletion has not been assessed. Since the Triton X-100 insoluble
fraction has been used by numerous investigators [6, 19, 21—23] to
isolate cytoskeletal-associated proteins, it was assumed that Tri-
ton X-100 insoluble actin was primarily F-actin and Triton soluble
actin is composed primarily of G-actin. In addition, Triton X-100
fractionation of Na,K-ATPase and villin were used to investigate
their association with the cytoskeleton during ATP depletion and
recovery.
Act in fractionation. Under control conditions, 68 3% of actin
was found in the Triton X-100 insoluble and 32 3% in the
soluble fraction. The ratio of Triton X-100 insoluble to soluble
actin was 2.3 0.3. As shown previously [5, 61, 30 and 60 minutes
of ATP depletion resulted in increased insoluble:soluble ratios of
3.0 0.6 and 3.8 1.0 (significantly different from control; Fig.
4). Interestingly, during one hour of recovery the solubilization
ratios returned to 2.2 0.5 and 2.6 0.4 for 30 and 60 minutes
of ATP depletion, respectively. These results suggest that despite
the redistribution of F-actin, ATP depletion caused a net revers-
ible polymerization of actin (Discussion).
Na,K-ATPase fractionation. Under control conditions, 83% of
the Na,K-ATPase was found associated with the cytoskeleton.
Only 17 4% of total Na,K-ATPase could be found in the Triton
X-100 soluble fraction. As shown previously in the LLC-PK1 cell
line [61 and in contrast to actin and villin (see below), Na,K-
ATPase solubility in Triton X-100 increased during ATP deple-
tion. The Triton insoluble:soluble ratio for Na,K-ATPase de-
creased significantly from 8.3 3.1 to 3.6 0.5 and 3.2 0.9 after
30 and 60 minutes of ATP depletion, respectively (Fig. 4). Similar
to actin and villin, the change in Triton solubility was completely
reversible following one hour of recovery (Fig. 4). Thus, the
Na,K-ATPase underwent a reversible ATP-dependent dissocia-
tion from the cytoskeleton in a time frame that roughly paralleled
that of internalization and recovery of the cortical actin ring.
Villin fractionation. Villin was 55 5% Triton X-100 insoluble
and 45 5% soluble under control conditions. Unlike actin and
Na,K-ATPase, these values were remarkably stable after 30
minutes of ATP depletion. After 60 minutes of ATP depletion,
the Triton insoluble:soluble ratio was significantly elevated over
control values (1.4 0.3 vs. 2.4 0.9) and mirrored the response
of actin to ATP depletion (Fig. 4). The resistance of villin to
Triton solubilization suggests that villin remains strongly associ-
ated with F-actin during ATP depletion. After one hour of ATP
recovery, the villin solubility ratio remained unchanged following
30 minutes of ATP depletion (1.6 0.3 to 1.4 0.3) and
recovered to control values following 60 minutes of ATP deple-
tion (2.4 0.9 to 1.5 0.6).
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Fig. 5. Double staining for F-actin and villin in LLC-PKJ cells under control conditions (top) and after 30 minutes ofATP depletion (bottom). Extended
focus images (2 to 3 sections each) of apical and subapical regions taken by confocal microscopy. The left panels shown in green represent F-actin
fluorescence, the middle panels shown in red represent villin fluorescent staining, and the right panels represent an overlay of these two. Orange or
yellow areas in the overlay pictures demonstrate colocalization. Under control conditions, apical F-actin and villin were observed predominantly
colocalized within the microvilli. Hardly any villin could be detected in the subapical region, whereas F-actin was mainly cortical delineating the plasma
membrane. After 30 minutes of ATP depletion, the apical sections showed aggregation of F-actin and villin. The subapical sections demonstrated
microvillar structures containing colocalized F-actin and villin, suggesting microvillar internal retraction.
Distribution of vu/in in relation to F-actin during ATP depletion apical actin ring) sections for F-actin, villin and the overlay of both
and recovery for each experimental condition. Under control conditions (Fig.
5), apical villin showed a punctate pattern similar to that of
The relative distribution of villin and F-actin were investigated F-actin, and the overlay picture demonstrates colocalization (or-
by confocal microscopy. Figure 5 shows extended focus images of ange to yellow color). Hardly any villin could be observed in the
apical and subapical (2 to 3 below the first appearance of the subapical region, where F-actin was predominantly present as
l k.
. 
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Fig. 6. Double staining for F-actin and villin in LLC-PK1 cells, comparing cells under control conditions [00—00] with those subjected to either 30 minutes
of ATP depletion and 60 minutes of recoveiy [30—60] or 60 minutes of depletion and 60 minutes of recove,y [60—60]. A complete return to control
conditions was achieved after either of these depletion times. Strongly developed microvilli (see apical sections) and no internalization of F-actin and
villin (see subapical sections) were found.
Table 1. Subapical to apical fluorescence intensity ratio
ATP ATP
depletion repletion ACTIN VILLIN
mm ave SEM ANOVA ave SEM ANOVA
0 0 0.67 0.17 a 0.48 0.13 a
30 0 1.57 0.43 b 1.32 0.04 a
60 0 1.40 0.23 b 1.14 0.14 a
30 60 0.74 0.10 a,b 0.84 0.11 a
60 60 0.50 0.15 a 0.61 0.13 a
ANOVA groups are significantly different from each other if they do
not have a letter in common.
cortical actin. The subapical to apical fluorescence ratio of actin
and villin were quantified, as shown in Table 1. Under control
conditions, both of these values were significantly below 1.
Thirty minutes of ATP depletion led to severe changes in this
pattern (Fig. 5): the presence of villiri and actin was now observed
in microvillar structures appearing in subapical regions, suggest-
ing that internal retraction had occurred. Remarkably, villin
remained colocalized to F.actin. Quantitation of the subapical to
apical fluorescence ratio of actin demonstrated an increase from
0.67 0.17 to 1.57 0.43 and of villin from 0.48 to 1.32
0.04 (Table 1).
One hour of recovery from 30 minutes of ATP depletion
resulted in a complete return to the control pattern with strongly
developed microvilli and no staining in the middle of the cells
(Fig. 6). This recovery was also borne out by the return of the
subapical to apical actin and villin ratios to control values (Table
1). Sixty minutes of ATP depletion elicited similar changes to
those observed after 30 minutes, and the recovery was very
similar, also (Fig. 6). Therefore, even after 60 minutes of ATP
1844 Golenhofen et al: Actin and villin in renal ATP depletion
depletion, complete recovery of the microvillar structure oc-
curred.
Discussion
Reversibility of actin structures during A TP depletion and recovery
The present results demonstrate temporal- and spatial-specific
reversibility of the actin cytoskeleton during ATP depletion and
recovery. Almost complete reversibility was achieved within one
hour after 30 minutes but not 60 minutes of ATP depletion. The
differences between the recovery patterns obtained after 30 and
60 minutes were particularly interesting. (1) Cortical F-actin was
the only area not completely recovered after 30 minutes of ATP
depletion. (2) The stress fibers recovered after 30 but not 60
minutes of ATP depletion. (3) The apical ring and the microvilli
completely recovered in both cases. This time course for structural
reversibility is roughly similar to that found in proximal tubules
subjected to ischemia and reperfusion in vivo [2, 31, or to anoxia
and reoxygenation of proximal tubules in suspension [22]. An
important advance that enabled this synchrony with the in vivo
conditions was the utilization of a newly developed reversible
chemical anoxia method that enabled rapid ATP depletion and
recovery of cultured cells [1]. ATP depletion to less than 2% of
the original value was achieved after 30 minutes. ATP levels
returned to their initial values after one hour of recovery follow-
ing 30 minutes of ATP depletion [1];ATP content reached >80%
of control after 60 minutes of ATP depletion and one hour of
recovery (results not shown). In previous models of chemical
anoxia, ATP levels only recovered to 50 to 60% of control in one
hour [13, 231.
LLC-PK1 clone 4 cells as models of microvillar anoxic injury—
Possible role of villin
One of the most dramatic morphological changes observed in
proximal tubules of kidneys subjected to in vivo ischemia is the
wholesale internalization of brush border membranes [3]. Simi-
larly, proximal tubules subjected to anoxia demonstrate increased
invaginations in the apical membrane [221. LLC-PK1 clone 4 cells
have been previously shown to have extensive brush borders [19],
and the reversible microvillar retraction observed during ATP
depletion and repletion (Figs. 4 and 5) helps to establish this cell
line as an excellent model to study the mechanisms responsible for
this phenomenon.
The role of villin was studied in this communication to initiate
the characterization of this phenomenon. Similar to intestinal [24]
and renal proximal tubular [25] epithelia, confocal microscopy
revealed that villin was localized exclusively to the brush borders
in LLC-PK clone 4 cells (Figs. 4 and 5). Furthermore, villin
colocalized with microvillar F-actin under all the conditions tested
(Figs. 4 and 5). Prior studies in which villin was either reconsti-
tuted [26, 27], transfected [28] or microinjected [29, 30] demon-
strated that villin bundles actin to form the core filaments of
microvilli. During ATP depletion and recovery, the association
between villin and F-actin, as well as the microvillar structure,
were retained in the LLC-PK1 cells. Despite its internal retrac-
tion, villin remained confined within the apical or subapical
regions, and no villin was found elsewhere in the cell. The
retained localization and the strong association between villin and
actin were likely responsible for the fast recovery to control
conditions. The microvillar structures were completely restored to
normalcy prior to the recovery of other F-actin containing struc-
tures, such as the stress fibers (Fig. 1). Since transfection [28] or
microinjection [30] of villin into villin-deficient cells resulted in a
preferred recruitment of actin away from stress fibers and into
microvillar filaments, a plausible scenario suggested by these
results is that actin is recruited into microvilli during ATP
depletion and recovery at the expense of the stress fibers. Further
studies are required to determine whether villin plays a role in the
preferential recruitment and polymerization of actin into the
microvillar filaments. The bundling and capping properties of
villin could deter the depolymerizatiori of the microvillar filaments
and draw actin from other regions of the cell by mass action.
Reversibility of TER
The TER has been previously shown to decrease upon ATP
depletion in a variety of renal cultured cells [9, 13, 14]. The
present studies demonstrated that this decrease is reversible upon
ATP repletion. The TER is associated with the "gate" function of
the tight junctions (that is, the restriction in the transport of ions
and nonelectrolytes through the extracellular space between
cells), which appears to be affected by ATP depletion more
rapidly than any visible alterations in F-actin or ZO-1 structure [9,
14]. In MDCK cells, only subtle changes in the freeze fracture
pattern of the tight junctional strands could be observed at the
time of the TER decrease [9]. No changes in the structure of the
tight junction protein ZO-1 were observable after 30 minutes of
ATP depletion, suggesting that the tight junctional complex
remains largely intact. Therefore, it is not surprising that the TER
was fully reversible after this period of time. Various investigators
have suggested that the TER is modulated by protein phosphor-
ylation [31—33]. The present results are consistent with this
possibility since alterations in protein phosphorylation could
occur through the kinase inhibition resulting from ATP depletion
[34].
Structural alterations were observed in the tight junctions of
MDCK cells subjected to 60 minutes of ATP depletion, and this
was coincident with the loss of the "fence" function (that is, the
barrier to lateral protein and lipid movement between the apical
and basolateral membranes. The partial irreversibility of the TER
after this time period would also be expected in LLC-PK1 cells if
partially disrupted tight junctional proteins and strands also
occurred in these cells after 60 minutes of ATP depletion.
Reversibility of the association between the Na,K-ATPase and
the cytoskeleton
Our previous results with MDCK and JTC cells found a high
degree of Na,K-ATPase internalization from the plasma mem-
brane during anoxia [15]. None of our available antibodies against
Na,K-ATPase produced a specific immunostaining image in LLC-
PK1 cells, and this disallowed the immunocytochemical investiga-
tion of the reversibility of the Na,K-ATPase internalization in
these cells. To determine the reversibility of the dissociation of
Na,K-ATPase from the cytoskeleton during ATP depletion and
repletion, the biochemical association between the Na,K-ATPase
and the cytoskeleton was studied. As previously reported by
Molitoris, Geerdes and McIntosh [6], this integral basolateral
membrane protein dissociates from the cytoskeleton during ATP
depletion. The present results demonstrated that this dissociation
was completely reversible after only one hour of recovery. To
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determine if alterations in the Na,K-ATPase are responsible for
the lack of function that persists for days in post-ischemic
proximal tubules, the time course for proper enzyme localization
and function following ATP depletion is required.
In summary, the ATP-depletion induced decrease in transepi-
thelial resistance, region-specific structural F-actin alteration and
changes in F-actin polymerization were completely reversible
after only one hour of recovery from 30 minutes of ATP depletion
but only partially reversible one hour after 60 minutes of ATP
depletion. Two cytoskeletal-associated proteins were studied:
villin and Na,K-ATPase. During anoxia, villin increased its asso-
ciation with the cytoskeleton, whereas Na,K-ATPase became
more dissociated from the cytoskeleton during ATP depletion.
Both of these alterations were reversible upon ATP repletion.
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